Glutamine synthetase activity in a cytosol extract of liver was inhibited non-competitively by Mn2+ ions. The apparent K1 for Mn2+ in the presence of phosphate was 8AM. Inhibition of glutamine synthetase by intracellular Mn2+ may contribute to the very low rates of glutamine synthesis observed in perfused liver and isolated hepatocytes.
The major tissue responsible for the net synthesis of glutamine in mammals is skeletal muscle. Whether or not the liver also contributes significantly to the net synthesis of glutamine is unclear. The evidence obtained from experiments measuring arteriovenous differences in the plasma concentration of this amino acid across the liver in vivo is contradictory and has been reviewed by Lund & Watford (1976) . In metabolic acidosis, an increased uptake of glutamine by the kidney is observed. It has been proposed that the hepatic synthesis of glutamine may be of importance in the supply of this amino acid to the kidney under these conditions (Lotspeich, 1967) .
The rate of glutamine synthesis in perfused liver has been found to represent only one-fortieth of the catalytic activity of glutamine synthetase (EC 6.3.1.2) as assayed in crude extracts of rat livet (Lund, 1971) , which led to the suggestion that this enzyme may be inhibited in the liver cell, but the factors responsible for such an inhibition have not been identified. Although purified glutamine synthetase from rat liver is inhibited by carbamoyl phosphate, alanine, glycine and phosphate, these inhibitory effects are large only when Mn2+ replaces Mg2+ in the assay medium (Tate & Meister, 1971) , and the significance of these effects in the physiological regulation of glutamine synthetase is doubtful. The present investigation was undertaken in order to identify inhibitors of glutamine synthetase that may be responsible for the apparent low activity of this enzyme in the intact cell.
Experimental
A cytosol extract of rat liver was prepared essentially as described by Moss & McGivan (1975 (Wellner & Meister, 1966) . Unless otherwise stated, the incubation medium contained (final concentrations): 80mM-KCI, 10mM-Mops (4-morpholinepropanesulphonate; potassium salt), 2mM-ATP, 10mM-MgCI2, 20mM-hydroxylamine hydrochloride, 10mM-glutamate, 2mM-phosphocreatine, 0.1mg of creatine kinase (Boehringer)/ml and 3-4mg of protein/ml at pH 7.4 and 37°C. When 20mM-KHCO3 was also present, the medium was equilibrated with 02/C02 (19:1). The reaction was terminated by addition of an FeCl3-containing deproteinizing solution (Wellner & Meister, 1966) . Preliminary experiments showed that the time course of glutamylhydroxamate formation was linear over the period employed. The use of an ATP-regenerating system was necessary, since the cytosol extract contains considerable activities of ATPase and adenylate kinase (Moss & McGivan, 1975 (Tate & Meister, 1971) . In this case, the concentration of Mn2+ required to cause 50% inhibition was 150puM. However, the enzyme assayed in a crude extract of rat liver appears to be more sensitive to inhibition 40 by Mn2+; in the experiment in Fig. 1 The effects of certain anions on glutamine synthetase activity are shown in Fig. 2 . As described previously for the rat liver enzyme, carbamoyl phosphate and phosphate are inhibitory (Tate & Meister, 1971; Tate et al., 1972) . Bicarbonate, a potent activator of glutaminase in liver mitochondria (Joseph & McGivan, 1978) , was found to have a small inhibitory effect on glutamine synthetase activity under the conditions used.
The factor responsible for inhibiting glutamine synthetase in the intact cell would be expected to decrease the activity of the enzyme by more than 90 % in the presence of excess substrate concentrations, and would therefore be non-competitive with all the substrates of this enzyme. Fig. 2 shows that maximal inhibition by bicarbonate, phosphate and carbamoyl phosphate was less than 50 %. Further, experiments in which the activity of the enzyme was measured at various ATP concentrations in the presence of an ATP-regenerating system showed that the inhibitory effect of bicarbonate was com- The values shown are taken from a series of experiments of the type shown in Fig. I performed over a period of 3 months. In these experiments, the effect of different concentrations of Mn2+ on the activity of glutamine synthetase was observed at various concentrations of each of the substrates at protein concentrations between 1.5 and 3.5mg/mi. For each observation, the apparent K, was calculated from the following relationship for a non-competitive inhibitor (Hunter & Downs, 1945 petitive with respect to ATP. The inhibition of purified glutamine synthetase by phosphate is also competitive with ATP (Tate et al., 1972) . The concentration of carbamoyl phosphate required to produce an inhibitory effect on the enzyme is much higher than the concentration at which this compound is likely to be present in the cytosol. Of the inhibitors tested, only Mn2+ fulfils the requirements for an inhibitor that is likely to be effective at physiological concentrations. In a series of experiments, it was determined that Mn2+ is a non-competitive inhibitor with respect to ATP, glutamate and hydroxylamine. The apparent K, for inhibition by Mn2+ depended on the presence or absence of phosphate, carbamoyl phosphate or bicarbonate. These anions appeared to potentiate the inhibitory effects of limiting concentrations of Mn2 . Table 1 shows the results of a large number of experiments in which glutamine synthetase activity was determined in the presence of various concentrations of ATP, glutamate, hydroxylamine, Mn2+ and protein in the presence and absence of 20mM-KHCO3, 5mM-potassium phosphate or 5mM-carbamoyl phosphate. The apparent K, value for the inhibition ofglutamine synthetase by Mn2+ was markedly decreased in the presence of these compounds.
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Control experiments (results not shown) established that the kinetics of inhibition by Mn2+ did not change when the ATP-regenerating system was omitted from the assay medium and replaced by higher concentrations of ATP. Further, the K, for inhibition of the enzyme by Mn2+ was unchanged when the enzyme was assayed with NH4CI as substrate by either of the methods described above.
Discussion
In the present study, a cytosol extract of rat liver has been used to evaluate potential physiologically important inhibitors of glutamine synthetase. The results showed that Mn2+ inhibited the enzyme, and that in the presence of physiological concentrations of phosphate or bicarbonate the apparent K, for Mn2+ was 8-10pM. The concentration of free Mn2+ ions under the conditions used in the present investigation is unknown, since the degiee to which Mn2+ binds to proteins and ions such as ATP, glutamate and phosphate in the presence of 10mM-Mg2+ is not easy to estimate. Purified Mg2+-activated rat liver glutamine synthetase is inhibited by Mn2+ only at much higher concentrations (Tate & Meister, 1971) . It is possible that during the purification process some of the sensitivity to Mn2+ ions is lost. The finding that HCO3-and phosphate ions apparently make the enzyme more sensitive to Mn2+ cannot be interpreted in mechanistic terms from the present data.
It has been noted previously that the rate of synthesis of glutamine in perfused liver or isolated hepatocytes is very much less than the full capacity of glutamine synthetase in liver extracts. The Km values of the purified enzyme for all its substrates are considerably lower than the concentrations of these substrates that are likely to occur in the liver cytoplasm. Thus the activity of the enzyme is unlikely to be limited by substrate availability in vivo (Lund & Watford, 1976; Lund, 1971) . The results of the present work suggest that a major factor determining the low activity of glutamine synthetase in the intact cell may be inhibition by cytoplasmic Mn2+. The total Mn2+ content of perfused liver has been reported to be 50-60nmol/g wet wt. (Wimhurst & Manchester, 1973) . If only 10% of this were free in the cytoplasm, this would be sufficient to cause a severe inhibition of glutamine synthetase.
It follows from the present study that, at a fixed concentration of Mn2 , the activity of glutamine synthetase can be varied by no more than 2-fold by varying the concentration of bicarbonate or of phosphate in the physiological range. However, very much larger increases in activity could be obtained as a result of decreasing the cytoplasmic Mn2+ concentration. Whether such changes in Mn2+ con-centration in the liver cytoplasm occur under any metabolic conditions is unknown at present.
